The reaction Y ؉ CH4 3 HYCH3 3 YCH2 ؉ H2 is initiated by C-H insertion involving a 20 ؎ 3 kcal/mol potential energy barrier. The reaction is studied in crossed molecular beams under two different conditions with nearly the same total energy. One experiment is carried out at a collision energy of 15.1 kcal/mol with one quantum of CH 4 antisymmetric (3) stretching vibrational excitation (8.63 kcal/mol), the other at a collision energy of 23.8 kcal/mol. The reaction cross-section for C-H stretch excited methane (s) is found to be at least a factor of 2.2 times larger than for ground-state methane ( g) at the same total energy. mode-specific chemistry ͉ potential energy barrier ͉ reaction dynamics T he concepts of early and late potential energy barriers made it possible to rationalize in simple, intuitive terms the roles of reactant translational and vibrational energy in promoting atom ϩ diatom reactions (1). The observation of mode-and bond-specific effects in gas phase reactions such as Cl ϩ CH 4 3 HCl ϩ CH 3 and Cl ϩ H 2 O 3 HCl ϩ OH have illustrated that the dynamics of polyatomic systems involving multiple vibrational degrees of freedom can also be highly sensitive to the reactant vibrational state (2, 3).
T
he concepts of early and late potential energy barriers made it possible to rationalize in simple, intuitive terms the roles of reactant translational and vibrational energy in promoting atom ϩ diatom reactions (1) . The observation of mode-and bond-specific effects in gas phase reactions such as Cl ϩ CH 4 3 HCl ϩ CH 3 and Cl ϩ H 2 O 3 HCl ϩ OH have illustrated that the dynamics of polyatomic systems involving multiple vibrational degrees of freedom can also be highly sensitive to the reactant vibrational state (2, 3) .
In a recent study, Yan and coworkers provided the first direct comparison of C-H reactant vibrational energy to reactant translational energy in promoting the Cl ϩ CHD 3 3 HCl ϩ CD 3 abstraction reaction (4) . Although C-H antisymmetric vibrational excitation enhanced reactivity, it was found to be somewhat less effective than an equivalent amount of reactant translational energy. However, CHD 3 bending excitation induced by thermal excitation was somewhat more effective in promoting reaction than an equivalent amount of translational energy. For gaseous polyatomic systems, different forms of reactant energy may not be equivalent in facilitating passage through the transition state for atom transfer (2) (3) (4) (5) .
The dissociative adsorption of methane (CH 4 ) on a metal surface is the rate-limiting step in the steam re-forming of methane, used to produce Ϸ9 million tons of hydrogen annually in the United States. It is well established that reactant translational and vibrational excitation are both effective in promoting this activated process (6) . Significant mode-and bondspecific effects have been observed for this class of reaction. Smith and coworkers showed that antisymmetric CH 4 vibrational excitation ( 3 ) is somewhat more effective than an equivalent amount of translational energy in promoting reaction on a Ni(111) surface (7) , in contrast to earlier work on Ni(100) (6) and Pt(111) (8) , where translational energy was more effective in promoting reaction. Juurlink et al. (9) demonstrated that CH 4 overtone bending excitation (3 4 ) is much less effective than 3 on Ni(100) and Ni(111), despite the higher energy of 3 4 . Maroni and coworkers (10) found that CH 4 symmetric excitation ( 1 ) is about an order of magnitude more effective than antisymmetric stretching ( 3 ) in promoting reaction on Ni(100) at nearly identical total energies. The latter result is particularly striking because it demonstrates that, even for a complex polyatomic reaction at the gas-solid interface, two reactant vibrational states that differ only in the relative phases of atomic motions can have profoundly different reactivities.
The activation of hydrocarbon C-H bonds by transition metal complexes is a topic of considerable current interest (11, 12) . Insight into the factors controlling the kinetics and thermodynamics of these processes has been derived through electronic structure theory (13) . Unfortunately, the presence of multiple ligands in transition metal complexes makes theoretical calculations difficult. Consequently, substantial effort has been devoted to carrying out calculations on model systems involving insertion of isolated transition metal atoms into C-H and C-C bonds (14, 15) . Interestingly, recent theoretical work on the dynamics of the dissociative adsorption of methane on Ir(111) (16) and Ni(111) (17) surfaces indicate that the metal lattice undergoes reconstruction during reaction, with a local surface metal atom undergoing significant (0.6 Å) displacement outward from the surface. Understanding the reactivity of isolated transition metal atoms with methane may thus provide insight into the dissociative adsorption process.
Early second-row transition metal atoms have few valence electrons (e.g., 5s
2 4d 1 for Y), yet form strong M-H and M-C bonds (14, 15) . However, neutral metal atoms encounter substantial potential energy barriers for insertion into C-H bonds of saturated hydrocarbon molecules (14, 15) . One of the simplest prototypical neutral bimolecular reactions involving a transition metal center with methane is Y ϩ CH 4 3 HYCH 3 3 YCH 2 ϩ H 2 (Fig. 1 ). This reaction involves initial insertion of the metal center into a C-H bond of methane by passage over a potential energy barrier calculated by Wittborn and coworkers (14) to lie 20.5 kcal/mol above the reactants. For the analogous reaction involving ethane (C 2 H 6 ), the potential energy barrier for C-H insertion was measured to be 19.9 Ϯ 3.0 kcal/mol (18) . As expected, collisions at translational energies below the barrier were unreactive, but formation of both YC 2 H 4 ϩ H 2 and YH 2 ϩ C 2 H 4 was observed at collision energies above the barrier (18) . For Y ϩ CH 4 , the initial insertion step can be viewed as involving elongation of a C-H bond in the CH 4 reactant ( Fig. 1 ) with simultaneous formation of two new bonds producing HYCH 3 . By analogy with the surface experiments, and because C-H stretching is likely to be an important component of the reaction coordinate, C-H vibrational excitation might be effective in promoting insertion. However, the antisymmetric CH 4 stretching mode ( 3 ) is a normal mode involving motion of all four atoms in methane, whereas insertion involves a local interaction with a single C-H bond. To date there has been no systematic study in which translational energy is compared with vibrational energy in promoting an insertion reaction.
Results
We conducted crossed molecular beam reactive scattering experiments between Y atoms and ground-state CH 4 at beam velocities providing 23.8 Ϯ 1.5 kcal/mol translational energy and between Y and CH 4 ( 3 ϭ 1) at beam velocities providing 15.1 Ϯ 0.9 kcal/mol of translational energy. Fig. 2 shows the total reactant energy distributions for the two sets of experiments. The vibrational energy in the second experiment, provided by absorption of a 3,018 cm Ϫ1 photon produced by an infrared optical parametric oscillator (OPO), makes the total energy essentially identical in each experiment. Mass-selected time-offlight (TOF) distributions of YCH 2 reaction products were recorded at several laboratory angles relative to the beams for both experiments. Calculated TOF distributions based on iteratively adjusted center-of-mass (CM) frame product translational energy and angular distributions were fit to the data by using forward convolution over known beam velocity distributions and instrument functions. Fig. 3 shows the laboratory angular distribution of YCH 2 products at the 23.8 kcal/mol collision energy, as well as the CM translational energy distribution used in the fit. The CM angular distribution, T(), was isotropic as anticipated for a reaction involving complexes with lifetimes longer than their rotational periods. Fig. 4 shows the TOF distributions for the YCH 2 products. At this collision energy (i.e., above the barrier), reaction of groundstate CH 4 leads to formation of YCH 2 ϩ H 2 , with the product translational energy P(E) peaking near 3 kcal/mol and extending to 11 kcal/mol, with ͗P(E)͘ ϭ 3.6 kcal/mol. The TOFs and lab angular distribution for the 15.1 kcal/mol collision energy with vibrational excitation were fit by using the same P(E) and CM angular distribution and appear similar.
We have found that the reaction cross-section rises sharply with reactant collision energy. The dependence of the reactive signal on collision energy places the potential energy barrier for reaction at 20 Ϯ 3 kcal/mol. The uncertainty in this value results primarily from the spread in collision energies for each experiment and from the presence of spin orbit excited Y( 2 D 1/2 ), which lies 1.5 kcal/mol above the ground Y( 2 D 3/2 ) state, in the atomic beam. The product translational energy release data place the YCH 2 ϩ H 2 product asymptote Ϸ11 kcal/mol above the reactants. This is consistent with product energetics calculated by using the results of recent theoretical work that places this value near 12 kcal/mol (19) . The rate-limiting step in the reaction thus corresponds to passage of the system over the initial barrier for C-H insertion.
At a nominal mean collision energy of 18.6 kcal/mol, weak product signal was observed for ground-state CH 4 molecules. At a collision energy of 15.1 kcal/mol, no reaction was observed without OPO irradiation. Inelastic scattering experiments indicated that, at this collision energy, the nonreactively scattered Y atoms are strongly forward-scattered in the CM frame, indicating the occurrence of direct inelastic scattering without appreciable formation of long-lived YCH 4 complexes. The absence of complex formation at collision energies below the barrier is anticipated because neutral metal-alkane -complexes are bound by no more than 1-2 kcal/mol (20) . At this collision energy, which is well below the C-H insertion barrier for ground vibrational state CH 4 molecules, a strong YCH 2 signal is observed when the CH 4 molecules are optically pumped to the C-H antisymmetric stretching level ( 3 ) just before collision. The observed YCH 2 signal level as a function of OPO pulse energy (Fig. 5) indicates that the transition is easily saturated because of the narrow bandwidth of the OPO. Thus, C-H vibrational excitation opens up reactions of colliding pairs at collision energies that were completely unreactive for unexcited methane.
To obtain quantitative insight into the relative efficacy of vibrational vs. translational energy in promoting insertion, we measured the ratio of total reaction cross-sections for stretch excited methane ( s ) to that for ground-state methane ( g ) accelerated to the same total energy. For each experiment can be calculated as the total signal level in the center-of-mass frame divided by the product of the number density of each reactant in the interaction volume and the relative velocity of the reactants (21) . Because our target is a ratio of cross-sections, we use ratios of these parameters rather than absolute values. In this calculation we made each assumption or approximation conserva- tively, that is, in the direction that always produces a strict lower limit to the reactivity ratio ( s / g ). The ratio of center-of-mass signal levels was calculated during forward convolution fitting of the data. The ratio of Y beam number densities was measured by pulsed laser-induced fluorescence on the 2 P 1/2 4 2 D 3/2 line at 359.4 nm directly in the interaction region. The ratio of CH 4 number densities was taken to be the ratio of the CH 4 fractions in the gas mixtures. In the optical pumping experiment, the effective CH 4 ( 3 ϭ 1) number density is also proportional to the fraction of molecules pumped. This fraction is the product of three factors: the fractional population of the lower state of the optical transition before interaction with the OPO, the fraction of this population excited by the OPO, and the fraction of the gas pulse illuminated by the OPO beam. Taking these factors into account (as described in Experimental Methods), we calculate that the total reactive cross-section of the CH 4 antisymmetric stretch is Ն2.2 times the cross-section for ground-state CH 4 .
Discussion
Our measured value of s / g Ն 2.2 represents a strict lower limit to the ratio of the total reaction cross-section for Y ϩ CH 4 3 YCH 2 ϩ H 2 at E coll ϭ 15.1 kcal/mol with one quantum of C-H antisymmetric stretching excitation ( s ) to that at E coll ϭ 23.8 kcal/mol with no OPO irradiation ( g ). In the OPO-off case, it is important to consider the role of vibrationally excited CH 4 molecules that may be present because of thermal excitation. It is known that vibrational energy is only cooled efficiently within vibrational levels of similar energies on supersonic expansion (22) . By using the CH 4 vibrational frequencies and degeneracies, at 300 K Ϸ0.70% of the CH 4 molecules are vibrationally excited, with all but a negligible fraction in the low-energy excited bending levels 4 (1,306 cm Ϫ1 ) and 2 (1,534 cm Ϫ1 ). In experiments at 15.1 kcal/mol, it is unlikely that molecules containing vibrational energy because of thermal excitation (but are not pumped by the OPO) contribute significantly to the observed reactive signal. However, in the experiments at E coll ϭ 23.8 kcal/mol, a significant fraction of the observed signal could in principle result from reactions of bend-excited CH 4 . To explore this possibility, experiments were carried out at the same collision energy by using a nozzle heated to 380 K, where the population of bend-excited methane should be Ϸ4 times that at 300 K. No evidence for enhanced reactivity attributable to bend-excited methane was observed, strongly suggesting that the OPO off-signal is not dominated by reaction of bend-excited methane.
In reactions involving elimination of H or H 2 , angular momentum conservation can play an important role in the dynamics. In particular, if complexes are produced with large total angular momenta, because of the small reduced mass of the products, centrifugal barriers in the exit channel can increase the fraction of complexes decomposing to reactants rather than to products (23) . The present experiments were carried out by pumping the 3 Q(1) line of a jet-cooled sample of CH 4 molecules. In the reaction of vibrationally excited molecules, only one quantum of rotational angular momentum (J ϭ 1) contributes to the total angular momentum of the HYCH 3 complexes. In reactions at high collision energy, although all J levels can contribute, because rotational cooling is expected to be nearly complete (T Ͻ5 K), the contribution from higher rotational levels of methane will be negligible. Because of the large potential energy barrier to reaction, in particular, for ground vibrational level molecules, reactions from small impact parameter (b) collisions will be dominant. Consequently, the maximum total angular momentum of the complexes, which is primarily determined by the orbital angular momentum L ϭ vb, is highly restricted in both experiments. Therefore, the fraction of insertion complexes decaying to products should not differ significantly between the two experiments. Indeed, in studies of nonreactively scattered Y atoms at wide laboratory angles (corresponding to CM angles near 180°) we were unable to observe any statistically significant difference in nonreactive scattering of Y atoms with the OPO on and off. Because of this, and because the barrier to insertion is the largest barrier on the PES, most HYCH 3 complexes decay to YCH 2 ϩ H 2 rather than back to reactants. The potential energy barriers for insertion of ground-state neutral transition metal atoms (having n valence electrons) into C-H bonds of hydrocarbon molecules result from the repulsive 4 surfaces. In gas-surface-dissociative adsorption, gas phase abstraction reactions (e.g., Cl ϩ CH 4 ), and in the insertion of a metal atom into a C-H bond, the initial antisymmetric normal mode excitation in the isolated methane molecule is delocalized over four C-H bonds. This energy must evolve into energy localized in the reaction coordinate during approach if reaction is to be successful. Theoretical calculations have allowed us to begin understanding the dynamics of these processes. In the case of dissociative methane adsorption, the symmetric stretch fundamental adiabatically correlates with localized excitation of the unique reacting C-H bond pointing toward the surface (24, 25) . However, antisymmetric stretch excitation becomes localized away from the reactive bond in the spectator CH 3 moiety. Qualitatively similar behavior has been observed in theoretical studies of the gaseous abstraction reaction Cl ϩ CH 3 D (26).
The subtle complexities underlying the relative efficacy for promoting polyatomic reactions by using different forms of energy are illustrated by the marked differences seen even in closely related systems. For example, Palma et al. have carried out theoretical analyses of reactions of ground-state O( 3 P) atoms with vibrationally excited CH 4 (27) and CH 3 D (28). For CH 4 , large enhancement factors were predicted for both symmetric and antisymmetric stretching modes. However, in the deuterium-substituted case, although reactivity was enhanced substantially for symmetric stretching excitation, antisymmetric stretching was not very effective in promoting reaction. Similar subtle effects are evident in the gas-surface systems: translational energy is more effective in promoting reaction of CH 4 than is an equivalent amount of energy in 3 for Ni(100), whereas the situation is reversed for Ni(111). Recently, Bisson et al. (29) compared the dissociative adsorption of CH 4 (2 3 ) on Pt(111) with that on Ni(111). They found that excitation of CH 4 increases its reactivity by Ͼ10 4 on Ni(111), whereas the enhancement factor on Pt(111) is Ϸ10 2 . Although a fraction of this difference is attributable to the larger barrier height in the Ni reaction, it has been suggested that, because of a longer C-H bond length at the transition state for Ni than for Pt, reactant vibrational energy is better able to surmount the ''later'' barrier in the former case.
On the basis of the present results, one might be tempted to conclude by stating that, because the Y ϩ CH 4 insertion reaction is enhanced more strongly by reactant vibrational energy than by an equivalent amount of translational energy, it represents a system involving a ''late'' potential energy barrier. In a vibrationally nonadiabatic model, reactant vibrational excitation provides access to lower-energy transition state geometries for reaction (7) . Although this explanation is appealing, the remarkable subtleties already identified in reactions involving a diverse range of polyatomic systems illustrate that simple concepts based on our understanding of three-atom reactions must be applied with great caution. In the absence of further experiments involving comparisons of other metals and other reactant vibrational modes, and because theoretical analysis remains to be done, generalizations on the basis of our study would be premature. Clearly, the combination of experiment and theory will be of tremendous value in unraveling the fundamental dynamics underlying how different forms of reactant energy promote this important class of chemical reactions.
Experimental Methods
The experimental apparatus employs a laser vaporization source to produce a beam containing ground-state Y atoms in neat H2 or 20% H2 in He (30) . The beam is collimated by a 2-mm skimmer and a 1.7-mm ϫ 1.7-mm square defining aperture, refined temporally by using a slotted chopper wheel, and crossed at right angles by singly skimmed beam containing 5% or 10% CH4 in H2. For optical pumping experiments, the output of a pulsed narrow-band infrared optical parametric oscillator is arranged to cross the methane beam upstream of the collision region. After bimolecular reaction, some of the chemical products (YCH2) drift Ϸ25 cm to a detector where they are photoionized by the output of an F2 laser at 157 nm, pass through a quadrupole mass filter, and are detected by a dynode/electron multiplier combination. The rotatable source assembly makes it possible to rotate the two beams relative to the fixed detector. By measuring the time-of-arrival distributions of the products at the detector, the laboratory angular and kinetic energy distributions are determined for reaction or for nonreactive inelastic collisions.
The OPO is a home-built Nd:YAG pumped unit based on the nonresonant oscillator and optical parametric amplifier stages of a known design (31) . The primary differences from that system are the use of a four-crystal (two KTP, two KTA) amplifier stage and the replacement of the SLM OPO with a telecom distributed-feedback diode laser as the seed source (32) . The output is spectrally separated in a CaF2 prism and tuned to the desired absorption resonance by using a photoacoustic cell while measuring the seed wavelength with a fiber-coupled wavemeter. The 3,018 cm Ϫ1 beam is aligned 5 mm upstream of the interaction region and softly focused to a spot Ͻ3 mm in diameter in the plane of the beams. The OPO bandwidth has been measured by linewidths in photoacoustic absorption spectra to be Ϸ1 GHz. This is nearly 20 times the expected 41-MHz Doppler width of the 3 Q(1) transition transverse to the CH4 beam calculated from the beam angular divergence; thus, the OPO covers the entire absorption feature. The sharp rise in product signal with the first 100 J of IR energy saturation curve in Fig. 5 is consistent with the radiation density provided by the OPO and the known oscillator strength of the transition. The much slower increase in signal at higher energies is characteristic of a beam profile containing a distribution of intensities and the trendline in Fig. 5 has been calculated by using such a distribution. This is consistent with the nonuniform beam profile observed with this OPO and typical of this design.
Determination of the fraction of the CH4 beam pumped by the OPO is as follows. The hydrogen nuclear spin statistics in methane are such that each of the nuclear modifications has a different lowest allowed J state: J ϭ 0, 2, and 1 for the A, E, and F modifications, respectively (33) . Modifications do not exchange on the microsecond time scale of a supersonic expansion, so in the limit of complete rotational cooling the populations of each of these J states in the beam are identically the populations of the modifications at roomtemperature thermal equilibrium: 5/16, 2/16, and 9/16 for A (J ϭ 0), E (J ϭ 2), and F (J ϭ 1) respectively (34) . We pumped the Q(1) line of 3, so the lower state is J ϭ 1 and the maximum fractional population is 9/16. The OPO saturated the transition, so the excitation fraction is given by the ratio of the upper-state statistical weight to the sum of the upper-and lower-state statistical weights (35) . Both states have an extra threefold degeneracy from the F modification in addition the normal (2 J ϩ 1) rotational degeneracy for a total of nine, as tabulated in the HITRAN database (36) . The saturated fractional excitation is thus 1/2. The fraction of the gas pulse that was illuminated was calculated geometrically. The Y beam was mechanically chopped by a slotted disk of 10.9-cm radius with a 1-mm-wide slit spinning at 210 Hz providing a shutter function that is Ϸ7.0 s wide. The methane (10% in H2) beam has a mean velocity of 2,123 m/s, so a 7.0-s pulse is 14.9 mm long. The 3.0-mm spot size of the OPO in the plane of the beams thus illuminates 20% of the beam. The fraction of the methane flux in the 3 state is therefore (9/16)(1/2)(0.20) ϭ 5.6%.
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